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In this paper we describe the use of electron backscatter diffraction �EBSD� mapping and electron channel-
ing contrast imaging—in the scanning electron microscope—to study tilt, atomic steps and dislocations in
epitaxial GaN thin films. We show results from a series of GaN thin films of increasing thickness and from a
just coalesced epitaxial laterally overgrown GaN thin film. From our results we deduce that EBSD may be used
to measure orientation changes of the order of 0.02°, in GaN thin films. As EBSD has a spatial resolution of
�20 nm, this means we have a powerful technique with which to quantitatively map surface tilt. We also
demonstrate that electron channeling contrast images may be used to image tilt, atomic steps, and threading
dislocations in GaN thin films.
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I. INTRODUCTION

A. Nitrides

Nitride thin films are used in the manufacture of UV/blue
laser diodes, UV/visible LEDs, and white LEDs. Nitride la-
ser diodes are presently dictating developments of DVDs,
printing, and color copying, and present applications of ni-
tride LEDs extend from street lighting, to back lighting in
mobile phones, to traffic lights.1,2 Future use of nitride-based
LEDs promises to revolutionize lighting in the home and
office. Nitrides are also being developed for the production
of high frequency, high power electronic devices.3,4

Even though commercial devices are available, the quality
of nitride thin films and subsequent devices �Ref. 5 and ref-
erences therein� is variable due to the mismatch between the
epitaxial nitride thin films and presently used substrates. Dis-
location densities in bulk epitaxial GaN thin films can range
from 108 to 1010 cm−2 �Ref. 6�.

B. Electron backscatter diffraction

Electron backscatter diffraction �EBSD� in the scanning
electron microscope �SEM� is an attractive technique with
which to interrogate the crystallographic properties of nitride
thin films because it can provide information on crystal ori-
entation, polytype, and strain with a resolution of around
20 nm.7 In electron backscatter diffraction an electron beam
is incident on a sample which is tilted at an angle typically
�70°. The impinging electrons are scattered inelastically

through high angles forming a diverging source of electrons
that can be diffracted. A simple description for the formation
of EBSD patterns presumes that electrons that satisfy the
Bragg condition for a given plane emanate in diffraction
cones from both the upper and lower surfaces of that plane.
When these cones intersect the phosphor screen Kikuchi
lines are observed8 �see Figs. 1�a�–1�c��. The Kikuchi lines
appear as almost straight lines because the cones are very
shallow, as the Bragg angle �D is of order 1°. Each Kikuchi
band is effectively the trace of the plane from which it is
formed; an EBSD pattern thus provides a direct measure-
ment of a sample’s crystal structure as it is a two-
dimensional �2D� projection �the gnomonic projection� of the
crystal structure. Rotation of a crystal will produce a rotation
of the EBSD pattern; a tilt of a crystal will produce a shift in
the EBSD pattern. EBSD patterns acquired from a mesh of
points on a sample can be used to produce a map of tilt or
rotations in that sample.

To date EBSD has predominantly been applied in
metallurgy9 and in geology,10 being applied to the measure-
ment of texture,11 and for the identification of different crys-
talline phases. Wilkinson12 and Troost et al.13 have applied
EBSD to the measurement of strain in SiGe epilayers, while
Baba-Kishi14 has used EBSD to investigate crystallographic
polarity in noncentrosymmetric materials. In nitrides EBSD
has been used to measure the orientation between nitride thin
films and their substrates and measure tilt in nitride thin
films15 and to identify zinc blende inclusions in a predomi-
nantly wurtzite film.16 EBSD has also been applied to the
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measurement of strain in nitride films, in particular to inves-
tigate lateral variations in strain in epitaxially laterally over-
grown GaN �ELOG� films.16 EBSD may be also combined
with other analytical techniques in the SEM, e.g., EDX �Ref.
17� and cathodoluminescence.16 In this paper we describe its
use in conjunction with electron channeling contrast imag-
ing.

C. Electron channeling contrast imaging

In electron channeling contrast imaging the intensity of
backscattered electrons depends on the relative orientation of
planes in a crystal, so changes in crystallographic orientation
�tilt� or changes in lattice constant due to strain are revealed
by changes in grey scale in the image. A quantitative analysis
of crystallographic orientation from electron channeling im-
age contrast is generally not possible as the same backscat-
tered electron intensity can be generated by several crystal
orientations. However, small orientation changes are detect-
able, allowing the imaging of dislocations for example. Dis-
locations are imaged due to lattice plane tilting and strain in
the vicinity of the dislocations �see for example Refs.
18–23�.

There are various names given to the imaging techniques
which utilize electron channeling contrast in the scanning
electron microscope �SEM�. Electron channeling contrast
imaging �ECCI� is the name usually given to the technique
when images are formed following careful alignment of the
channeling crystal planes following the acquisition of an
electron channeling contrast pattern �ECP�. The acquisition
of an ECP allows the g vector of the incident electron beam
to be determined.21 To obtain an ECP in the SEM it is nec-
essary to record changes in backscattered electron intensity
as the incident electron beam is rocked through a range of
angles relative to the crystal planes. This can be achieved by
�1� observing the sample at low magnification, where scan-
ning the beam varies its angle with respect to the sample as

well as its position; �2� modifying the SEM electron optics
and the current to the scanning coils in order to rock the
beam.21 The second method allows ECPs to be acquired
from small �of order microns� regions of the sample. The
ECCI technique and its history is summarized in the review
paper of Wilkinson and Hirsch.21

The acquisition of an ECP and subsequent alignment of
the sample is necessary for optimum contrast and the quan-
titative analysis of electron channeling contrast images.
However, images exhibiting channeling contrast can be ob-
tained by the detection of backscattered electrons emanating
at a shallow angle from the surface of a sample tilted by
around 70°, i.e., the same sample geometry as used for
EBSD �see Figs. 1�a�, 1�d�, and 1�e��. Tilting the sample
increases backscattered electron �BSE� yield, reduces mul-
tiple scattering and energy loss processes, thus leading to
enhanced channeling contrast.21 Images obtained without
prior alignment of the sample using an ECP are referred to in
the literature as electron channeling contrast images or fore-
scatter images �due to the position of the backscattered elec-
tron detector�s�, which in this geometry are referred to as a
forescatter detector�s� �see Figs. 1�a� and 1�d��� or, for obvi-
ous reasons, orientation contrast images.24–26 As electron
channeling contrast imaging is the most descriptive name for
the mechanism which produces these images, this is the no-
menclature we will use in this paper.

Electron channeling contrast imaging has been applied to
the imaging of dislocations and strain fields in both metals
and semiconductors and the imaging of orientation variations
in geological samples.18–25 In this paper we demonstrate that
electron channeling contrast imaging can be used to image
tilt, atomic steps, and threading dislocations in GaN thin
films.

II. SAMPLES

In the present work EBSD and electron channeling con-
trast imaging were used to interrogate a series of five GaN

FIG. 1. �a� HKL Technology
EBSD and forescatter detector.
�b� Schematic diagram illustrating
formation of EBSD patterns.
�c� Example EBSD pattern from
wurtzite GaN. �d� Schematic
diagram illustrating formation of
electron channeling contrast
images. �e� Example electron
channeling contrast image from
wurtzite GaN thin film. �The
“spots” correspond to threading
dislocations.�
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thin films of increasing thickness from 70 nm to 1600 nm
and a just coalesced epitaxial laterally overgrown GaN
�ELOG� thin film.

The GaN thin films of increasing thickness were grown
by MOVPE using a Thomas Swan Showerhead reactor. For
each thin film a 30 nm GaN nucleation layer was first grown
at 525 °C on basal plane oriented sapphire substrates. This
nucleation layer was then annealed briefly at a GaN growth
temperature of 1023 °C prior to thin film growth.

The ELOG film was grown in an Aixtron 200/4 RF-S
MOCVD reactor under similar conditions as reported
previously.27 The sample studied consists of a �0001� sap-
phire substrate on which a 2.5 �m planar seed layer was
grown. Over the seed layer a 4 �m thick ELOG layer was
grown through a mask of 9 �m wide SiO2 stripes repeated
with a period of 16 �m. The SiO2 thickness was 200 nm.

III. EXPERIMENTAL APPARATUS

The EBSD measurements on the GaN thin films of in-
creasing thickness and all the electron channeling contrast
images were acquired using an HKL Technology EBSD/
forescatter system �HKL Nordlys detector with integrated
forescatter system� in an LEO Supra 55VP Schottky field
emission scanning electron microscope �FEG SEM� at an
accelerating voltage of 20 kV and a probe current of 1 nA
�unless stated otherwise in the text or in the figure captions�.
The EBSD measurements on the ELOG thin film were car-
ried out with an EDAX/TSL EBSD system in a JEOL
JSM6500F FEG SEM at an accelerating voltage of 20 kV
and a probe current of approximately 3 nA. All EBSD pat-
terns and electron channeling contrast images were acquired
at a sample tilt of 70° �unless stated otherwise in the text or
in the figure captions�.

FIG. 2. �a� EBSD tilt map
from a 70 nm GaN thin film.
�b� EBSD tilt map from a
520 nm GaN thin film. �c� EBSD
tilt map from a 1600 nm GaN thin
film. The grey scale represents tilt
away from the ideal �0001� orien-
tation �in degrees�. �i� shows the
EBSD tilt maps overlying the
EBSD pattern quality. As the
EBSD pattern quality is dependent
on sample topography, it provides
an estimate of the sample topogra-
phy. �ii� shows the EBSD tilt
maps with the EBSD pattern qual-
ity information removed.

FIG. 3. �a� Relative tilt distri-
bution for GaN thin films of in-
creasing thickness. �b� Same as �a�
but with expanded y axis. �c�
Maximum tilt from the �0001� ori-
entation as a function of film
thickness.
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IV. RESULTS AND DISCUSSION

A. EBSD tilt maps and electron channeling contrast images
from GaN thin films of increasing thickness

Figure 2 shows EBSD tilt maps from an uncoalesced
70 nm GaN thin film, a partially coalesced 520 nm GaN thin
film, and a fully coalesced 1600 nm GaN thin film. For the
uncoalesced films, EBSD patterns were only collected from
the flat top surfaces of the island grains. Figures 2�a�–2�c�
�part �i�� show the EBSD tilt maps superimposed on EBSD
pattern quality �also referred to as EBSD image quality28�.
As the EBSD pattern quality is dependent on sample topog-
raphy, it provides an estimate of the sample topography �e.g.,
the topography can prevent some backscattered electrons
reaching the EBSD screen leading to a poor quality EBSD
pattern�. Figure 2�a�–2�c� �part �ii�� show the EBSD tilt maps
with the EBSD pattern quality information removed. The
grey scale represents tilt away from the ideal �0001� orien-
tation �in degrees�. These maps clearly show that tilt in these
thin films decreases as their thickness increases. Increasing
the thickness of the films from 70 nm to 1600 nm results in
a decrease in crystallographic tilt from �0.4° to �0.2°.
Changes in tilt of the order of 0.1° are resolvable. Figure 3
summarizes the results for all five thin films. Figures 3�a�
and 3�b� show the relative frequency of a given tilt from the
�0001� orientation versus tilt for each of the films, while Fig.
3�c� shows the maximum tilt away from the �0001� orienta-
tion as a function of film thickness. Figure 3�a� �and Fig.
3�c�� provides similar information to an x-ray � scan. Figure

3 illustrates that the width of the tilt distribution decreases
with increasing film thickness, except for the 520 nm film for
which the tilt distribution is greater than that for the 320 nm
film. The higher tilt distribution for the 520 nm film may be
related to the degree of its coalescence and hence the density
of voids in this film. The 70 nm film comprises three-
dimensional �3D� uncoalesced islands, while the 320 nm film
comprises “strings” of connected islands �see Fig. 4�. The
900 nm and 1600 nm films are fully coalesced with the oc-
casional void. In contrast, as shown in Fig. 2�b�, the 520 nm
film is a partially coalesced film with a high percentage of
voids. On the other hand the greater tilt distribution for this
film may simply be related to a small difference in growth
conditions.

If a map of tilts is produced relative to a point which is
significantly tilted away from the �0001� direction, a relative
tilt map accentuating variations in tilt is produced. Figure 5
compares such a relative tilt map and an electron channeling
contrast image for the 1600 nm thick film. It is possible to
see correlation between features on the EBSD relative tilt
map and features on the electron channeling contrast image
�see features indicated by arrows for example�, supporting
the supposition that the contrast in the electron channeling
contrast images is indeed related to orientation. The “spots”
in the electron channeling contrast images correspond to
threading dislocations. Note that many dislocations appear to
lie on grain boundaries, i.e., they outline regions with the
same grey scale and hence regions with a particular tilt.

Atomic steps terminated by the threading dislocations be-
come more visible in the electron channeling contrast images
as the backscattered electron detector is moved closer to the
sample �see Figs. 6�a� and 6�b��. The observation of atomic
steps was unexpected and their appearance is discussed be-
low.

The features present in an electron channeling contrast
image and hence the information which can be extracted
from it depend on the angle of the sample with respect to the
impinging electron beam �i.e., sample tilt� and the position
and size of the backscattered electron �or forescatter� detec-
tor. As the detector is placed closer to the sample it will
intersect a wider angular range of backscattered electrons. In
addition, as illustrated in Fig. 6�c�, the closer the detector is
to the sample, the lower the angle of backscattered electrons
which will be detected. Either or both of these factors may
increase the sensitivity of the backscattered electron signal to
atomic steps in the sample. The wider angular range of de-
tected backscattered electrons and/or the lower angle back-
scattered electrons may accentuate channeling contrast

FIG. 4. Electron channeling contrast image of 320 nm GaN thin
film.

FIG. 5. �a� EBSD relative tilt
map from a 1600 nm GaN thin
film. �b� Electron channeling con-
trast image of a 1600 nm GaN
thin film.
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resulting from lattice distortion at the atomic steps. Alterna-
tively, the detection of low angle backscattered electrons also
enhances topographic contrast,29 so the steps may be re-
vealed due to enhanced topographic contrast. Finally, back-
scattered electrons emanating at very shallow angles from
the sample surface may provide contrast similar to that ob-
tained in scanning reflection electron microscopy �SREM�
�Ref. 30� where surface resonance provides strong image
contrast.

The dislocations seen in Fig. 6 must have Burgers vectors
with a component out of the surface plane since they are
terminating the ends of a surface step. These must therefore
be threading dislocations of either screw or mixed screw-
edge character. Figure 6�d� shows the intensity profiles of
threading dislocations on opposite ends of an atomic step.
The intensity profiles are of opposite sign, indicating dislo-
cations where the screw component of the Burgers vector is
of opposite sign.

While moving the backscattered electron detector closer
to the sample enhances the contrast of the atomic steps, very
little contrast change is observed for the dislocations. Figures
7�a� and 7�b� shows two electron channeling contrast images
acquired at slightly different sample tilts, 69.7° and 71.0°,
respectively. These small changes of tilt angle produce sig-

nificant changes in the contrast of the observed dislocations.
Comparing Figs. 7�a� and 7�b� reveals that there are disloca-
tions visible in the electron channeling contrast image of Fig.
7�a� not present in the electron channeling contrast image of
Fig. 7�b� �see region A for example� and vice versa. Dislo-
cations which appear dark in Fig. 7�a� appear bright in Fig.
7�b� �see region B for example�. This change in contrast for
the dislocations is attributed to changes in channeling condi-
tions with sample tilt. Further work needs to be undertaken

FIG. 6. �a� Electron channeling contrast image from 1600 nm GaN thin film. �b� Electron channeling contrast image from same region
as �a� but with backscattered electron detector placed closer to the sample. �c� Schematic diagram illustrating that as the backscattered
electron detector is moved closer to the sample: �i� it will intersect a wider angular range of backscattered electrons. �ii� it will intersect lower
angle backscattered electrons. �d� Intensity profiles across dislocations situated on either side of an atomic step.

FIG. 7. �a� Electron channeling contrast image from
1600 nm GaN thin film with a sample tilt of 69.7°. �b� Electron
channeling contrast image from 1600 nm GaN thin film with a
sample tilt of 71.0°. Regions A and B are outlined for comparison.
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to quantify the observed changes in dislocation contrast with
sample tilt. As discussed above, the dislocations all appear to
be associated with atomic steps on the surface, implying that
few, if any are in a pure edge configuration. Previous x-ray
studies have shown that there are approximately five times
as many edge dislocations in this sample as screw
dislocations.31 Edge dislocations running perpendicular to
the surface should be discernible due to the strain fields they
produce,32 and indeed have been imaged in FeAl by Crimp et
al.23 using a different geometry with the electron beam at
close to normal incidence on the sample surface. The ab-
sence of threading edge dislocations from our ECCI images
is probably due to a combination of the larger Burgers vector
for screw ��0001�� compared to edge threading dislocations
�1/3�11–20��5 in these �0001� GaN samples, and the par-
ticular �and unknown� diffraction planes excited by the inci-
dent beam. Electron channeling contrast images need to be
acquired over a range of sample tilt angles together with
electron channeling patterns to determine whether the ob-
served changes in dislocation contrast can be utilized �i.e., in
an analogous fashion to diffraction contrast in TEM �e.g.,
Refs. 33 and 34�� to obtain further information on the dislo-
cations. Image simulations, including the effects of surface
stress relaxation, should also allow a better understanding of
the relative contrast produced by edge and screw dislocations
for different imaging geometries.

While it is not possible to quantify the total dislocation
density from the acquired electron channeling contrast im-
ages, it is possible to compare the density of visible disloca-
tions from electron channeling contrast images acquired at

the same sample tilt. Figure 8 shows the visible dislocation
density versus the reciprocal of the film thickness for the
520 nm, 900 nm, and 1600 nm films, respectively. For these
three films the dislocation density appears to be inversely
proportional to the film thickness. It proved more difficult to
acquire reliable estimates of the dislocation densities from
the electron channeling contrast images of the thinner layers;
this will be the subject of future work.

B. EBSD and electron channeling contrast imaging of an
ELOG thin film

Epitaxially laterally overgrown GaN �ELOG� thin films
were developed to produce GaN with lower dislocation den-
sities. The density of threading dislocations is reduced in
ELOG to �106 cm−2 compared to conventional GaN thin
films.35 An ELOG thin film comprises GaN overgrown on an
underlying GaN epitaxial buffer layer patterned with a SiO2
or SiNx striped mask �SiO2 in the present case�. GaN growth
is seeded by the GaN buffer layer and grows laterally over
the SiO2 mask; this is illustrated in Fig. 9. The material
above the mask �wing regions� has a lower threading dislo-
cation density than that above the seed region, as the major-
ity of the dislocations propagate vertically in the seed region.
Some dislocations do bend at the interface and propagate
parallel to SiO2 mask, producing a tilt in the wing region of
up to a few degrees.36 It is this wing tilt that we investigate
here with EBSD and electron channeling contrast imaging.

An electron channeling contrast image of our ELOG thin
film graphically illustrates the tilt in the film. Figure 10 com-
pares an electron channeling contrast image and a secondary
electron image from our ELOG thin film. The stripes are not
visible in the secondary electron image; however the tilt in
the film unequivocally reveals the stripes in the electron
channeling contrast image. The intensity profile shown in the

FIG. 8. Dislocation density versus 1/film thickness for GaN thin
films.

FIG. 9. Schematic diagram of cross-section of ELOG thin film.
The dimensions of the ELOG thin film under study are shown.

FIG. 10. �a� Electron channel-
ing contrast image from ELOG
thin film. �b� Secondary electron
image from same region of ELOG
film as �a�. The inset in �a� is an
intensity profile across the elec-
tron channeling contrast image.
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inset of Fig. 10�a� is a qualitative measure of the variation of
tilt in the film; however, the relative brightness of the stripes
and hence the intensity profile will change with sample tilt
and the position of the backscattered electron detector. On
the other hand, EBSD can provide a quantitative measure of
tilt.

To obtain the necessary sensitivity to measure variations
in tilt across the ELOG thin film, we apply a method devel-
oped to allow small spatial variations of elastic strain and
lattice rotation to be determined from a series of EBSD
patterns.12 In the present work EBSD patterns were recorded
with the usual large �60° capture angle subtended by the
screen at the sample. A series of EBSD patterns were re-
corded along a line scan on the top surface of the ELOG thin
film running perpendicular to the SiO2 stripe direction.
EBSD pattern shifts were measured at four distinct regions
on the screen. Rigid body rotations �and elastic strains� can
be determined from analysis of the four measured pattern
shifts. Here we show only the variation in tilt �i.e., rotation
about an axis parallel to the SiO2 stripes, Fig. 11� across the
ELOG thin film.

Changes in tilt of the order of 0.02° are resolvable from
the EBSD line profile. The intensity profile obtained from the

electron channeling contrast image as shown in the inset of
Fig. 10�a� is qualitatively similar to the quantitative variation
in tilt derived from EBSD measurements as shown in Fig.
11. The electron channeling contrast intensity profile appears
to be rectified when compared to the EBSD profile.

Finally, Fig. 12 shows a high magnification electron chan-
neling contrast image from the ELOG thin film. Note that the
dislocation density appears to be less in the wing region.

V. CONCLUSIONS AND FUTURE WORK

In conclusion we hope we have shown that EBSD and
electron channeling contrast imaging are useful techniques
for characterizing nitride thin films. Future work includes:
�1� using EBSD to quantify twist in addition to tilt in nitride
thin films; �2� acquiring electron channeling contrast images
as a function of sample tilt and as a function of backscattered
electron detector size and position, together with electron
channeling patterns to establish whether electron channeling
contrast imaging can be used to identify dislocations and
determine their total density in nitride thin films.
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